Uterine leiomyomas, or fibroids, are the most frequent gynecological tumors in premenopausal women with as many as 65% of women becoming clinically symptomatic. Uterine fibroids are benign myometrial tumors that produce large quantities of extracellular matrix proteins. Despite its high morbidity, the molecular basis underlying the development of uterine leiomyomas is not well understood. Domestic hens of Gallus gallus domesticus develop oviductal leiomyomas similar to those found in humans. We investigated the natural history of chicken leiomyomas, in vivo expression of protein biomarkers, and in vitro expression of ovarian steroid receptors. Based on the analysis of 263 hens, tumor prevalence, tumor number per hen, and tumor size increased as the hens aged. Immunohistochemistry for alpha-smooth muscle actin (SMA) and desmin confirmed the smooth muscle phenotype of the chicken leiomyomas. Intense collagen expression was detected in these oviductal leiomyomas by Mason's trichrome, and the tumors also showed increased expression of TGFB3 and collagen type I mRNAs. Consistent with human leiomyomas, chicken fibroids displayed increased BCL2 and estrogen (E) and progesterone (P) receptor expression. Chicken leiomyomas were dissociated for in vitro culture. Cells from explants were positive for SMA, desmin, and E and P receptors until the fourth passage. These cells also displayed a response similar to human cells when challenged with halofuginone, an antifibrotic agent. Our findings indicate that the chicken is an excellent complementary model for studies involving the pathophysiology of human uterine leiomyomas.
INTRODUCTION
Suitable animal models in human translational studies have played an essential role in understanding the course of certain pathologies, determining how they are influenced by the environment and establishing functional and structural modifications produced by them. A remarkable example of the use of an animal model as a research tool is the utilization of the domestic hen (Gallus gallus domesticus) to study the molecular mechanisms involved in the development of ovarian carcinoma in humans [1] [2] [3] [4] [5] [6] . Similar to what occurs in ovarian carcinoma, leiomyoma-like masses also occur on the oviduct of commercial strains of chickens [7, 8] . These spontaneous leiomyomas in hens share several histologic features with human uterine leiomyomas [9] .
Uterine leiomyomas, also called fibroids and myomas, are a neoplastic disease characterized by abundant amounts of extracellular matrix synthesis and deposition. These tumors are hormonally responsive and grow under the influence of ovarian sex steroids. Clinically, uterine leiomyomas may cause compression of neighboring organs, abnormal menses, pelvic pain, increased urinary frequency, and in the most severe cases they may lead to infertility [10] [11] [12] [13] . Although the neoplastic transformation of uterine myocytes and the etiology of the human pathology is still undefined, reproductive age, germline and somatic genetic alterations, African-American ethnicity, nulliparity, and metabolic syndrome are some of the known risk factors that contribute to the development of leiomyomas [14] [15] [16] [17] [18] [19] .
The Eker rat is the best characterized animal model for the study of human uterine fibroids. These animals are heterozygous for the Tsc2 mutation, a tumor susceptibility gene [20] and lack tuberin expression [21] . Everitt et al. [22] characterized the histopathological features of these animals and found that at 14 months of age 43% of the female rats carrying the Eker mutation presented with visible tumors, whereas 72% had microscopic lesions. Eker rats are also highly predisposed to malignancies such as uterine leiomyosarcomas and renal cell carcinomas [22] . Development of the disease at advanced ages and a high rate of reproductive tract malignancies in these rodents are uncommon features in the human disease, and thus may limit the interpretation of results when employing this animal model.
Validation of a complementary animal model to study uterine leiomyomas may improve our understanding of this debilitating disease characterized by high morbidity and a significant socioeconomic impact. The objective of our study was to characterize the domestic hen as a model for human uterine leiomyomas. We obtained accurate data on prevalence, frequency, and size of leiomyomas in 263 hens as they aged and experienced increased years of egg laying. Immunodetection of protein markers of human leiomyomas confirmed that chicken tumors share a smooth muscle phenotype. We also isolated and established primary smooth muscle cell (SMC) cultures using cells derived from hen tumors. Proliferation assays using tritiated thymidine incorporation showed that these cells respond effectively, as their human counterparts, to treatment with the antifibrotic drug halofuginone.
MATERIALS AND METHODS

Animals, Data, and Tissue Collection
Two hundred and sixty-three single-comb white Leghorn hens ranging from first to fourth year of lay were used. Chicks were hatched in April 2005, began laying eggs in August 2005, and then were followed further in 2006, 2007, 2008, and 2009 . Also, we used 27 specific pathogen-free (SPF) chickens (Charles River Laboratories). Seven SPF hens were hatched in April 2004 and the remainder of the animals hatched in May 2008. These birds were housed in a SPF facility. Oviposition was checked daily and only chickens laying eggs regularly were used. Hens bearing internal abnormalities such as ascites, accumulation of egg yolk in their oviduct, and regressed oviduct or any noticeable disease were excluded. Animals had access to food and water ad libitum and were exposed to a light regimen of 17L:7D. All the procedures involving animal management and handling were reviewed and approved by the University of Illinois at Urbana-Champaign Institutional Animal Care and Use Committee.
Chickens were euthanized either by cervical dislocation or CO 2 . Oviducts were removed immediately for evaluation, and the harvesting of leiomyomas took approximately 3 min. All the fibroids were counted and individually measured. The oviductal myomas typically were spherical and, consequently, measured in their greatest diameter.
Histology and Immunohistochemistry
Routine histological procedures were performed on oviductal tissues and fibroids fixed in neutral-buffered formalin. Samples were paraffin embedded in an automated Sakura Tissue Tek VIP E150 tissue processor (Sakura Finitek). Paraffin blocks were cut as 4-lm sections and mounted onto microscope slides for hematoxylin and eosin (H&E) and immunohistochemical staining.
Immunohistochemical (IHC) staining for each protein was carried out in a minimum of six paired samples. Deparaffinization and rehydration steps were the same as those used for H&E procedures, followed by washing in PBS (pH 7.0) and retrieval of masked antigenic sites in boiling (approximately 1008C) 0.01 M citrate buffer (pH 6.0) for 10 min in a microwave oven. After being cooled down to room temperature for about 30 min, endogenous peroxidases were inactivated in a solution containing methanol and 0.3% hydrogen peroxide for 15 min. A Vectastain Elite ABC kit (Vector Laboratories, Inc.) was used to carry out the immunoreactions. All the test samples were incubated for 12 h at 48C with mouse monoclonal antibodies to progesterone receptor (PR), which reacts preferentially with the B-form, clone hPRa 2 (Thermo Fisher Scientific) at 0.5 lg/ml, estrogen receptor (ER alpha) clone 1D5 þ 6F11 (Thermo Fisher Scientific) at 1:200 dilution, desmin clone DE-U-10 (Abcam Inc.) at 21 lg/ml, vimentin clone RV202 (Abcam Inc.) at 2.5 lg/ml, smooth muscle actin (SMA) clone 0N5 (Abcam Inc.) at 0.05 lg/ml, and goat polyclonal antibody to BCL2 AF810 (R&D Systems, Inc.) at 2.5 lg/ml. Each slide had two contiguous cross-sections to provide a positive primary antibody and a minus-primary antibody negative control for nonspecific staining. After incubation with the primary antibody, sections were washed in PBS and incubated with the appropriate biotinylated secondary antibody, followed by a reagent containing avidin. Hematoxylin was used to provide counterstaining. Specific antibody binding was visualized using 3,3 0 -diaminobenzidine tetrahydrochloride as the chromogen. Dehydration, clearing, and mounting of slides were done as in standard H&E procedure. The images were digitalized and visualized using a NanoZoomer slide scanning system and NDP View software for image analysis, respectively (Hamamatsu Photonics).
Immunohistochemical Scoring Using HSCORE
Staining intensity and distribution were semiquantitatively estimated using the HSCORE method [23] . Briefly, staining intensities were documented according to the following categories: 0 (absent staining), 1 (staining detectable above negative control), 2 (distinct staining), 3 (strong staining), and 4 (light transmission through stained structures obstructed). Staining was also assessed according to the percentage of stained cells in histological sections of normal oviductal SM layers and leiomyomas. Percent values (Pi) ranging from 0 to 100 and intensities (i) aforementioned were attributed to each specimen. Individual HSCOREs for each specimen were calculated according to the following general formula:
Tissue Collection, RNA Isolation, and Quantitative Reverse Transcription-PCR Leiomyoma tissues were collected in RNAlater according to manufacturer's instructions (Life Technologies Corporation) immediately after the birds were euthanized to minimize RNA degradation. Normal oviductal tissue collected from the same birds that had leiomyomas provided paired samples for the mRNA quantification. To enrich the SM portion of the oviduct, the epithelial layer was removed by laying down a 2 cm long section of the oviduct on a weighing boat in direct contact with dry ice to allow fast freezing of the thin SM. The oviductal section was cut open, and the epithelial portion was scrapped off using a scalpel blade. Immediately after the epithelial layer was removed, the enriched SM segment was transferred to RNAlater for additional processing.
Total RNA was extracted from the tissue using TRIzol (Invitrogen) according to the manufacturer's instructions. One microgram of total RNA was used in 20 ll volume reverse transcription (RT) reactions using a high-capacity reverse transcription kit (4368814; Applied Biosystems). Synthesized cDNA was then used for real-time PCR analysis. Real-time PCR analyses were performed in 10 ll volumes containing 13 TaqMan Universal PCR Master Mix No AmpErase UNG (4324018, Applied Biosystems), diluted cDNA, and RNase-free water. Primer probe sets used for dermatopontin (AJKAJ5U), TGFB3 (Gg03371523_m1), collagen 1 (Gg03325897_m1), collagen 3 (Gg03325765), and 18S (Hs999999901_s1) amplification were purchased from Applied Biosystems. Minor groove binding probes were labeled with fluorescent reporter dye 6-carboxy-fluorescein to directly detect PCR products. Real-time PCR amplification and detection were performed in MicroAmp optical 384-well reaction plates using the ABI Prism 7700 sequence detection system. Amplification conditions included: hold for 10 min at 958C, 40 thermal cycles of denaturing for 15 sec at 958C, and annealing/extension for 1 min at 608C. The relative fold induction levels were calculated using the comparative C T method for separate tube amplification. The fold induction was expressed relative to 18S endogenous control gene after normalization for background signal.
Establishment of Primary Cell Cultures
Leiomyomas were rinsed in PBS and transferred to a Dulbecco Modified Eagle Medium (DMEM)-based culture medium until processing. All the myomas from a particular hen were pooled and finely minced for enzymatic digestion. Disrupted tissues were then incubated with DMEM without serum and supplemented with 200 units (U)/ml of collagenase type II (Gibco) and 5 mM CaCl 2 in a shaking water bath at 378C. Approximately 50 mg of minced tissue/ml of solution were used. After 4 h of incubation, the samples were centrifuged at 300 3 g for 3 min. The resulting supernatant was discarded and replaced with the same volume of DMEM (Lonza) supplemented with 8% chicken serum (Equitech-Bio, Inc.), 4.7 lM insulin, 125 lM transferrin, 50 lM sodium selenite, 12.5 mM HEPES buffer, 200 mM L-glutamine, 120 U/ml penicillin, and 6.7 mM streptomycin. The resuspended cell pellet was seeded into 75-cm 2 flasks, allowed to grow to 90% confluence, and then passaged using trypsin (0.05%) þ ethylenediaminetetraacetic acid (EDTA; Mediatech Inc.). The cells were incubated in a humidified environment containing 5% CO 2 in air at 398C.
Immunofluorescence of Cultured Cells
Immunofluorescence (IF) microscopy was performed in cultured cells using specific antibodies to confirm their SMC phenotype and to test for the presence of ER alpha and PR from passages 0 to 4 (P0 to P4). To confirm that cultured leiomyoma cells were SMCs, we used the same antibodies to assess SMA and desmin as were used for IHC of the tumors at 0.2 lg/ml and 83 lg/ml, respectively. PR antibodies previously employed to perform IHC were used at a concentration of 2 lg/ml. The ER antibody was a rat monoclonal antibody Ab-21 clone H222 (Thermo Fisher Scientific) specific for ER alpha and used at 5 lg/ml.
Cells were grown in 35-mm dishes (Applied BioPhysics, Inc.) to a confluence of approximately 80%, washed in PBS to remove excess medium, and then fixed in 4% paraformaldehyde (EMS) in PBS for 30 min. Unless otherwise stated, all the wash steps were carried out three times for 5 min each. For IF staining of cytoskeletal proteins, an additional step in which slides were immersed in molecular-grade methanol (Fisher Scientific) at À208C for 15 min was performed followed by a 30 min rinse. Image-iT FX Signal Enhancer (Invitrogen) was used to block background staining for 30 min. Antibodies were diluted and added to the culture dishes for overnight incubation at 48C. Conjugated Alexa Fluor 488 goat anti-mouse or Alexa Fluor 488 goat anti-rat (Invitrogen) immunoglobulin G diluted at final concentrations of 10 lg/ml were added, and the cells incubated for 2h at room temperature. Following secondary antibody incubation, the cells were rinsed in PBS and incubated with 5 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen) for 15 min. A final wash step was then performed. Finally, cells were covered with Prolong Gold antifade reagent (Invitrogen) and incubated at room temperature for 24 h before being stored at 48C until analysis. Cells were examined on a Zeiss Axiovert 200M (Carl Zeiss MicroImaging) microscope, and the images were digitalized using AxioVision V4.7.2 (Carl Zeiss MicroImaging). MCF-7 cells were used as MACHADO ET AL.
positive controls for ER and PR. These cells express ER and, upon treatment with 5 nM estrogen for 5 days, expression of PR is induced [24] . To control for nonspecific interactions of the primary antibody with cellular constituents, a minus-primary antibody control was included as well as omission of both primary and secondary antibodies.
Determination of positive cells was based on the difference in values of pixels between the target signal of individual cells and background fluorescence. The best fit option was used to allow for optimum display of minimum and maximum color value of the fluorescent cells. Cells exhibiting pixel values ! 2-fold above the average background signal were considered to be positive.
Effect of Halofuginone on DNA Synthesis Measured by [ 3 H]-Thymidine Incorporation Assay
Leiomyoma cells from six different birds were plated at 4000 cells/well in 96-well plates (Nalge Nunc International) and allowed to reach 80% confluency. Six wells each of the leiomyoma cells were then treated with DMEM containing 8% chicken serum plus 0, 25, 50, 100, 200, or 400 ng/ml of halofuginone (Hoechst-Maion-Roussel) dissolved in dimethyl sulfoxide (DMSO; Sigma) vehicle for 24 h. We then added 0.4 lCi [ 3 H]-thymidine per well during the last 6 h of treatment. At the end of the treatment period, cells were harvested and counted in a MicroBeta Liquid Scintillation Counter (Wallac). A total of six experiments were carried out using six wells per treatment group per experiment. Leiomyoma samples were obtained from premenopausal women undergoing hysterectomy at Carle Foundation Hospital (Urbana, IL). Permission to obtain these samples was approved by the Institutional Review Board at the University of Illinois at Urbana-Champaign. Tissue samples were manually minced and then digested in DMEM containing 1.5 mg/ml collagenase for 4-6 h at 378C. Once digested, the cells were cultured in DMEM supplemented with 5% fetal bovine serum, 5% bovine calf serum, 10 000 U/ml penicillin, 10 000 lg/ml streptomycin, and 200 mM L-glutamine at 378C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were used at P2-P3 for the DNA synthesis assays. These cells were cultured in DMEM and treated with 0, 0.01, 0.1, 1, 5, 10, 30, 50, 100, 200, and 250 ng/ml halofuginone in DMSO vehicle using the same methodology described to assess proliferation in chicken cells.
Statistical Analysis
To assess the significant differences among means, unless otherwise stated, we utilized a Tukey test for multiple comparisons with ANOVA using the General Linear Models procedure of SAS software version 9.1 (SAS Institute Inc.). One-tail unpaired Student t-test was used to determine the significance of the differential HSCOREs. The results are presented as means 6 SEM. Differences were considered to be statistically significant if P , 0.05.
RESULTS
Macroscopic Features and Prevalence of Leiomyoma-Like Tumors in the Domestic Hen
Two hundred and sixty-three sexually mature chickens showing no apparent signs of illness and ranging from first to fourth year of lay were used for epidemiological characterization of fibroid tumors. These tumors displayed substantial variation with respect to localization on the oviduct, size (ranging from 1 to 27 mm), and number of tumors per bird (ranging from 1 to 31 masses). Fibroids appeared as pedunculated and multifocal nodular masses. Tumors had a firm consistency and well-developed blood supply, particularly on the periphery of large masses (Fig. 1) . The overwhelming majority of the hens in this study had a normal follicular hierarchy, confirming a functional ovary. The presence of the tumors did not seem to interfere with oviposition as these hens were laying regularly.
Despite their low prevalence, fibroidlike tumors of the chicken oviduct were identified in hens during their first year of lay. According to our data, the incidence increased dramatically in the reproductive years following the first year of lay (Table 1 ). The percentage of animals having fibroids in the second year of lay (45%) was greater than the fraction of hens affected in their first year of lay (2.5%). The proportion of birds bearing tumors in their third and fourth years of lay (73.19% and 77.9%, respectively) did not differ between each other; however, the proportion was significantly higher than for years one and two. Not only were fibroids more prevalent as birds aged, but also the number of tumors per animal was significantly increased. In the second year of lay, the average number of fibroid tumors per hen was 2.1 6 0.29, whereas the 
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number of fibroids per individual bird in years three and four was statistically greater than in year two, but not different from each other (4.58 6 0.57 and 5.64 6 0.55, respectively). Age also played a role in the growth/size of the fibroids in these hens. Birds studied in their second year of lay presented with fibroid masses averaging 3.2 6 0.31 mm whereas the average diameters in the subsequent third and fourth years of lay (4.83 6 0.26 mm and 5.08 6 0.23 mm, respectively) were significantly greater than in year two. We also examined SPF birds for incidence of leiomyomas in order to gain a sense of how exposure to pathogens might play a role in onset or growth of leiomyomas in hens. Twenty SPF MACHADO ET AL.
birds in their third year of lay and seven SPF birds in their fifth year of lay were analyzed. We found that only one SPF hen (1/ 20) in its third year of lay had leiomyomas as well as only one hen (1/7) in its fifth year of lay ( Table 1 ). The SPF bird in its third year of lay had three leiomyomas whereas the one bird in its fifth year of lay had only one fibroid.
Histological Features
Similar to their human uterine counterpart, histological examination of H&E stained tissue sections ( Fig. 2A) showed generally well circumscribed masses arising from the muscular wall of the oviducts. Fibroid tumors consisted of spindleshaped cells arranged in distinct fascicles that appeared to wrap 
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around each tumor's center (like a ball of yarn). Tumor cells had abundant eosinophilic cytoplasm without striations and had bland, elongated nuclei with open chromatin and indistinct nucleoli. No mitotic figures were identified, suggesting a proliferative rate less than 1 mitotic figure per 50 high-power (4003) fields. Necrosis and hemorrhage, which may be found in malignant smooth muscle tumors, were absent in all the tumors examined. Other features found in degenerating human leiomyomas (e.g., intercellular edema, ischemic necrosis, hydropic and red degenerations, and calcification) were not identified. These chicken tumors exhibited mostly hyaline degeneration. In sum, these histological features were indicative of benign tumors with smooth muscle differentiation (i.e., leiomyomata) arising from chicken oviducts.
Expression of Protein Markers Associated with Human Fibroids
Masson trichrome stain revealed the presence of collagen deposition among slender bundles of well-differentiated SMCs (Fig. 2B) , although the degree of deposition was noticeably variable among the tumors. Values of semiquantitative HSCORES for leiomyoma and normal smooth muscle tissues of the oviduct are presented in Table 2 . The fibroid tumors as well as the normal oviductal smooth muscle showed strong cytoplasmic immunoreactivity for SMA (Fig. 2, C and D) and desmin (Fig. 2, E and F) , confirming that these myomas arise from the oviductal SMCs. Semiquantitation of percent staining and intensity of SM markers did not differ statistically between normal oviductal tissues and leiomyomas. Fibroid specimens tested negative for vimentin, an abundant intermediate filament protein of mesenchymal cells (data not shown).
Another important characteristic of uterine leiomyomas in humans is the increased expression of BCL2 protein, considered an efficient mechanism to extend cell survival. Chicken leiomyoma cells not only were BCL2-positive (Fig.  3A) but also expressed this protein in larger quantities than adjacent normal oviduct SMCs (Fig. 3B) .
The results shown in Figure 3 , C and E, confirmed that chicken leiomyomas express ER alpha and PR, respectively. Semiquantitation of the immunoreactivity in associated normal oviductal tissues (Fig. 3, D and F) indicated that these ovarian steroid hormone receptors are expressed at significantly higher levels in the SMCs of the myomas.
Quantitative PCR to Assess Expression of Fibrosis-Related Genes
The results of our quantitative PCR (qPCR) gene expression analysis are shown in Figure 4 . We compared expression of dermatopontin, Tgfb3, collagen type I, and collagen type 3 mRNA levels in normal smooth muscle of the hen oviduct and autologous fibroids. These fibrosis-related genes have been reported to have altered expression in human leiomyomas. We found that fibroids of aging hens showed a significant upregulation of Tgfb3 and collagen type I gene expression similar to what has been reported in human leiomyomas. Collagen type III and dermatopontin expression were not altered in the chicken fibroids.
Primary Cell Cultures and Expression of Alpha-SMA and Desmin
The majority of tissues isolated from the leiomyomas of hens were successfully cultured in vitro; however, the number of serial passages was limited to five or six before cells showed noticeable signs of senescence, characterized by growth arrest. The appearance of the cultured cells was characteristic of SMC, displaying a long spindle shape and growing in a uniform and parallel arrangement.
To validate the purity of our cell cultures, we performed IF with the same monoclonal SMA and desmin antibodies used for the tissue IHC. All the cells were strongly positive for both proteins (Fig. 5, A and B) . A vimentin antibody was also tested, but the cells were negative (data not shown). Cells positive for SM markers presented a multifilamentous pattern of SMA (Fig. 5A ) and desmin fibers (Fig. 5B) , typically across the longitudinal axis of the cells.
Expression of Ovarian Steroid Hormone Receptors in Cultured Cells Serially Passaged
To validate the presence of ER and PR in cultured cells, we performed IF with monoclonal antibodies that react primarily with the B-form of the PR and alpha form of ER. Receptor immunoreactivity was tested in primary cultures (P0) and at four successive passages (P1 to P4) to determine the presence of these receptors and the degree of their expression as the cells were passaged. Cells were passaged at intervals of 5-6 days. P1 and 13.35% at P4) (Fig. 5, C , E, and G) whereas the percentage of PR-positive cells remained stable (Fig. 5, D, F , and H). The fluorescent signal for ER was uniformly distributed throughout the nuclei of fibroid cells whereas PR displayed a combination of a punctate pattern and more even nuclear distribution. Signals were evaluated and quantified according to the values of pixels for each individual cell to generate the percentage of cells that showed positive immunoreactivity for ER and PR (Fig. 6) . A few cells showed slight cytoplasmic staining though the average intensity of the values of pixels rarely met the threshold necessary to be considered positive signals fold above background. Positive cytoplasmic signals were not computed and considered technical artifacts. Moreover, nuclear staining was noticeably predominant.
Effect of Halofuginone on Chicken Leiomyoma Cell DNA Synthesis
Chicken leiomyoma cells were treated with increasing concentrations of the antifibrotic drug halofuginone over a period of 24 h to assess the effect of halofuginone treatment on DNA synthesis. Figure 7A depicts a dose-dependent decrease in DNA synthesis with halofuginone concentrations of 25 ng/ml and above. This dose-dependent inhibition of DNA synthesis was also observed in human leiomyoma cells challenged with similar concentrations of halofuginone for 24 h (Fig. 7B) . Both chicken and human leiomyoma cells showed a marked decline in DNA synthesis. Chicken leiomyoma cells showed decreased proliferation at concentrations of halofuginone beginning at 25 ng/ml (Fig. 7A) , whereas it is quite apparent that human fibroid cells respond similarly to the same treatment at slightly lower concentrations (Fig. 7B) .
DISCUSSION
Leiomyomas of the oviduct in sexually mature domestic hens share important features with human uterine fibroids. Our study is the first to report data on the prevalence of leiomyomas in chickens as well as the influence of age on the progression of this disease in hens. Our IHC findings confirm that tumors found on the oviduct of domestic hens are derived from SMCs and express ovarian sex steroid hormone receptors. In addition, we observed similar deposition of collagen in fibroids from hens as is characteristic of human leiomyomas. This study is also the first to report the successful isolation and culture of SMCs derived from chicken leiomyomas. Our data suggest that the domestic hen is a suitable model to study human leiomyomas.
The factors involved in the initial transformation of SMCs and subsequent abnormal proliferation of chicken leiomyomas are unknown. The chicken ovulatory cycle lasts between 24 and 26 h. Estrogens (E 2 and E 1 ) are maintained at relatively constant serum concentrations (about 200 pg/ml), whereas progesterone is low (0.5 ng/ml) except during the preovulatory surge (3 ng/ml), 4 to 6 h before ovulation every 24-26 h [25] . Hens in their first year of lay were essentially tumor-free with only a 2.5% incidence, whereas the incidence in years two and three was 45% and 73.19%, respectively. Between years three and four, the incidence stabilized and the prevalence of fibroids in year four was 77.9%. Despite the presence of fibroids in a high number of hens, we did not notice any interference of the tumors with egg laying. Anjum et al. [8] observed that the content of soluble proteins of the magnum, such as albumen and soluble enzymes, did not change as a result of leiomyomas of the oviduct, suggesting that synthesis and secretion of most egg proteins remain unchanged in tumor-bearing hens. In addition to an increase in prevalence as hens aged, the number of fibroids per animal and their average size also increased significantly between years one and two and also between years two and three. It is not clear whether the age-related increases in incidence, size, and number of tumors is linked to time of exposure to E and/or P or another unidentified factor(s).
Regardless of year of lay, the majority of the oviductal tumors were found on the lower half of the magnum. The entire chicken oviduct is under the strict control of sex steroids, which create an ideal microenvironment for the development of hormonally dependent fibroid tumors. Berry et al. [9] the expression of ER and PR in matched pairs of normal hen oviductal SM and leiomyomas. In their work, not only were ER and PR expressed at higher levels in tumors than in the adjacent normal oviduct, but the chicken myomas had higher expression of prosurvival proteins, for example, BCL2. Likewise, we also detected abundant expression of ER, PR, and BCL2 in chicken leiomyomas.
Human uterine fibroids express receptors for E and P and grow only during the reproductive years, usually regressing after menopause. Progesterone has been regarded as an active element participating in the pathogenesis of leiomyomas, regulating cellular proliferation and tumor growth (for a comprehensive review, refer to [26] ). Kawaguchi et al. [27] demonstrated that leiomyomas have higher mitotic activity during the secretory phase of the menstrual cycle, suggesting that tumor growth is influenced not only by E, but also by P. Upon binding to their receptors in leiomyoma SMCs, E and P activate promoter regions of the cell target DNA, affecting expression of sex steroid-regulated genes [28] [29] [30] [31] [32] [33] , such as growth factors, collagens type 1 and 3, and PR [33] [34] [35] [36] [37] .
Excessive production of the extracellular matrix (ECM) is one of the hallmarks of fibrotic diseases including fibroids.
Transforming growth factor-betas (TGFBs) are capable of inducing fibrotic transformation and growth of leiomyomas by increasing production of collagens [38] . The chicken fibroids analyzed in our study were subjected to Masson trichrome staining for collagens. Although we observed some degree of variation in the staining intensity among tumors, there was evidence of significant synthesis and deposition of collagen by the chicken leiomyoma SMCs in vivo, as seen in human tumors. In addition, we also carried out qPCR analysis for several fibrosis-related genes and found that both TGFB3 and collagen type I mRNAs were significantly elevated in leiomyomas from hens as has been reported for human leiomyomas [16, 28, 38] .
Ishikawa et al. [39] using a mouse xenograft model, showed that both the growth and maintenance of human leiomyoma tissues in this model were dependent on P-mediated signaling. According to their study, E alone is not a mitogen but is necessary for tumor growth/maintenance and PR expression upregulation. Progesterone is known to upregulate the Bcl2 protooncogene in uterine leiomyomas. Matsuo et al. [40] reported an increased expression of BCL2 protein after supplementing cultured human fibroid cells with P. Their results suggest that BCL2 may lead cells to evade normal apoptotic pathways in leiomyomas. Results from our IHC analysis confirmed that chicken leiomyomas also show upregulated expression of BCL2 protein. It is possible that E and P act together to stimulate proliferation of chicken leiomyomas in vivo. The hens that lacked visible ovarian follicles due to ovarian malignancies not only had regressed oviducts but also had no visible fibroids (data not shown). This finding supports a role for ovarian steroids in the growth of chicken fibroid tumors.
In vitro systems are important research tools to dissect the effects of individual factors and to aid in the identification of cellular and molecular mechanisms involved in the pathogenesis of leiomyomas. We were able to isolate and culture leiomyoma cells that originated from fibroid tumors. All the primary cell cultures tested for SMA and desmin were strongly immunoreactive, establishing their SMC origin. Chicken leiomyoma cells cultured in vitro treated with either E or P and the combination of both showed an increased response in proliferation (data not shown). Progesterone receptors were found to be expressed in approximately 30% of the cultured cells from P0 to P4. On the other hand, the number of ER alpha-positive cells dropped significantly from 33.88% to 15.57% in the first passage. Assessment of cells between P1 and P4 indicated that ER alpha expression then remained constant at low levels. Thus, our results showed that there was an obvious reduction in expression of both ER alpha and PR proteins when the cells were cultured in vitro. These findings are remarkably similar to what has been reported for human leiomyoma SMCs in culture [41] . Zaitseva et al. [42] evaluated the differential gene expression between cells isolated from myometrium and leiomyomas for up to three passages. They concluded that in vitro conditions altered gene expression of cultured cells significantly. Although present at detectable levels in their study, expression of transcripts for ER alpha and PR were also negatively affected by culture, introducing undesirable variability to their system. In vitro systems can be very meaningful research tools; however, data need to be carefully interpreted because of the possibility of undesirable variability or artifacts inherent to the system. We also found that the chicken leiomyoma cells responded in a very similar manner to treatment with the antifibrotic drug halofuginone [43] . Halofuginone effects have been associated with the transcriptional control of several ECM proteins and improvement of fibrotic conditions through inhibition of TGFB signaling, activation of amino acid restriction, and integrated stress responses [44] . Dose response studies carried out on both chicken and human leiomyoma cell lines showed a very similar response pattern and sensitivity to this antifibrotic drug. These data further support the potential use of leiomyoma cells obtained from aging hens as well as the use of hens for in vivo studies to assess the effects of drugs or dietary factors on leiomyoma incidence and growth.
One of the most interesting findings from our study was that the incidence of leiomyomas was strikingly reduced in SPF birds. These birds were housed under SPF conditions continuously and were therefore protected from exposure to a variety of pathogens that are normally present in the housing environment for hens. We saw an extremely low incidence of fibroids in these SPF birds. This observation supports the hypothesis that pathogens may play a role in the onset of uterine leiomyomas in birds as well as humans. A link between pathogens or infection and abnormal SMC proliferation in atherosclerosis has been reported in the literature. Studies have reported a link between severity of periodontal disease, increased inflammation, and atherosclerosis [45, 46] . Another recent study reported an increase in Chlamydia pneumonia in fibrotic and calcified areas of atherosclerosis and aortic stenosis [47] . Ayada et al. [48] showed an association between Helicobacter pylori infection and the progression of atherosclerosis in a hyperlipidemic mouse model. They hypothesized that H. pylori infection leads to elevated levels of serum antibodies to heat shock protein 60 that results in stresses on the vascular endothelium.
Leiomyomas of the reproductive tract occur in several species of domestic animals, including the potbellied pig [49] , the quail [50] , and the German Shepherd dog [51] , and nondomestic animals such as the otter [52] , seal [53] , cheetah [54] , white rhinoceros [55] , elephant [56] , and crab-eating macaque [57] . Although the high incidence of uterine fibroids and their associated clinical problems are significantly important among reproductive aged women, the molecular basis for the initial myocyte transformation and growth of these tumors remains unknown. Our findings indicate that the chicken model may serve as an additional research tool to the existing translational models. The development of methods for noninvasive fibroid detection and serial monitoring without having to euthanize the animals would greatly improve this model. Nevertheless, this hen model may be an extremely useful system to assess the effects of environmental or dietary factors on incidence of fibroids as well as to test efficacy of therapeutic interventions.
